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• Polarized foregrounds are here, there is no escape - anywhere 
in the sky… 
!
• Modelling Polarized Foregrounds.  
!
• Pre-BICEP2 — Planck 2014 — Planck 2015.
CMBPolarization2015
Dust!
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Planck Collaboration: Dust polarization at high latitudes
Fig. 8: Top: map in orthographic projection of the 150GHz DBB` amplitudes at ` = 80, computed from the Planck 353GHz data,
extrapolated to 150GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in rd units (see details in Sect. 5.3). The logarithm of the absolute value of rd for a 400 deg2 patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their properties are not
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (see Sect. 6). Bottom: associated uncertainty,  (rd).
These extrapolated estimates are divided by the value of
the r = 1 primordial tensor CMB DBB` spectrum at ` = 80,
6.71 ⇥ 10 2 µK2CMB, to express the estimated power in units
that we denote rd. Because the CMB primordial tensor B-mode
power scales linearly with r,13 a value rd = 0.1 would mean
13 This spectrum does not include the CMB lensing B-mode signal,
which would become dominant even at ` = 80 for a very low r.
that the expected contamination from dust at ` = 80 is equal to
the amplitude of the primordial tensor CMB DBB` for r = 0.1.
For each of these estimates we also compute  (rd), the quadratic
sum of the fit errors on ABB and the above uncertainty from the
extrapolation to 150GHz. Note that the fitted amplitudes ABB
for five of these patches are negative,14 but are consistent with
14 Negative values can arise in cross-spectra, as computed here.
13
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[Planck 2014]
[Clark, Contaldi, MacTavish 2013]
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FIG. 1. BICEP2 T , Q, U maps. The left column shows the basic signal maps with 0.25  pixelization as output by the
reduction pipeline. The right column shows di↵erence (jackknife) maps made with the first and second halves of the data set.
No additional filtering other than that imposed by the instrument beam (FWHM 0.5 ) has been done. Note that the structure
seen in the Q and U signal maps is as expected for an E-mode dominated sky.
To construct constrained Q and U sky maps which re-
spect the known ⇤CDM TE correlation we start from a
map of the well-measured temperature anisotropy, specif-
ically the Planck needlet internal linear combination
(NILC) T map [73]. We calculate the aT`m using the syn-
fast software from the healpix [74] package [75], and
then calculate sets of aE`m using
aE`m =
CTE`
CTT`
aT`m +
q
CEE`   (CTE` )2/CTT` n`m (1)
where the C`’s are ⇤CDM spectra from CAMB [76] with
cosmological parameters taken from Planck [9], and the
n`m are normally distributed complex random numbers.
For CTT` we use a lensed-⇤CDM spectrum since the a
T
`m
from Planck NILC inherently contain lensing. We have
found the noise level in the Planck NILC maps for our re-
gion of observation and multipole range to be low enough
that it can be ignored.
Using the aE`m we generate Nside = 2048 maps using
synfast. We substitute in the aT`m from Planck 143 GHz
so that the T map more closely resembles the T sky we
expect to see with BICEP2. (This is also the map that
is used in Sec. IVF to construct deprojection templates.)
Additionally, we add in noise to the T map at the level
predicted by the noise covariance in the Planck 143 GHz
map, which allows us to simulate any deprojection resid-
ual due to noise in the Planck 143 GHz map.
2. Lensing of input maps
Lensing is added to the unlensed-⇤CDM maps using
the lenspix [77] software [78]. We use this software to
generate lensed versions of the constrained CMB input
a`m’s described in Sec. VA1. Input to the lensing opera-
tion are deflection angle spectra that are generated with
CAMB as part of the standard computation of ⇤CDM
spectra. The lensing operation is performed before the
beam smoothing is applied to form the final map prod-
ucts. We do not apply lensing to the 143 GHz tempera-
ture aT`m from Planck since these inherently contain lens-
• Apr 2014; BICEP2 announces 
detection of large scale l~80 
primordial B-modes with r=0.2. 
• Measurements at single frequency 
(150 GHz). 
• Observations targeted what was 
thought to be a very “clean” window 
in polarized foreground emission.
[BICEP2]
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• Impressive confirmation that systematics for directly imaged 
refracting telescopes BICEP/KECK/Spider are under control. 
!
• Systematic effects can be overcome to achieve the sensitivity to 
measure r<<0.1 from primordial signal on large scales.
CMBPolarization2015
BICEP2
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[BICEP2]
Foregrounds 
are the 
limiting factor.
• Similar telescopes to BICEP2/KECK. 
!
• 8% of sky from 34 kms up. 
!
• 3x90 GHz + 3x150 GHz (~2200 detectors)
CMBPolarization2015
Spider = 6 x BICEP - 30km atm
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[Spider: MacTavish et al 2008, O’Dea et al 2011]
• On average, dust contamination expected to be same order of magnitude 
as B-mode signal. 
• Polarization fraction varies significantly over the sky as shown by WMAP 
(synch) and PLANCK 353 GHz (dust) pol maps. 
• Pol fraction correlated in non-trivial way to total intensity - “clean spot” in 
intensity not a guarantee of “clean spot” in polarization.
CMBPolarization2015
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7
Polarization foregrounds at a glance 
Polarization fore-
ground minimum  
between 70 and 
85 GHz for sky 
fractions between 
73 and 93% at  
40 arcmin reso-
lution 
 
Preliminary 
[I. Wehus, Planck 2014, Ferrara talk]
Planck Collaboration: Dust polarization at high latitudes
Fig. 8: Top: map in orthographic projection of the 150GHz DBB` amplitudes at ` = 80, computed from the Planck 353GHz data,
extrapolated to 150GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in rd units (see details in Sect. 5.3). The logarithm of the absolute value of rd for a 400 deg2 patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their properties are not
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (see Sect. 6). Bottom: associated uncertainty,  (rd).
These extrapolated estimates are divided by the value of
the r = 1 primordial tensor CMB DBB` spectrum at ` = 80,
6.71 ⇥ 10 2 µK2CMB, to express the estimated power in units
that we denote rd. Because the CMB primordial tensor B-mode
power scales linearly with r,13 a value rd = 0.1 would mean
13 This spectrum does not include the CMB lensing B-mode signal,
which would become dominant even at ` = 80 for a very low r.
that the expected contamination from dust at ` = 80 is equal to
the amplitude of the primordial tensor CMB DBB` for r = 0.1.
For each of these estimates we also compute  (rd), the quadratic
sum of the fit errors on ABB and the above uncertainty from the
extrapolation to 150GHz. Note that the fitted amplitudes ABB
for five of these patches are negative,14 but are consistent with
14 Negative values can arise in cross-spectra, as computed here.
13
[Planck 353 GHz -> 150 Ghz, 2014]
• Relied on various methods; 
!
1. Cross-correlation with separate data set (BICEP1 100 GHz) 
and spectral dependence. 
!
2. Cross-correlation with structure in foreground templates 
derived from polarized sky models and comparison with 
template power.
CMBPolarization2015
BICEP2 Foreground Analysis
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• Planck Sky Model (PSM) 
[e.g. Delabrouille et al 2013] 
!
• Data Driven Models [Planck 
dust 2013], with uniform 5% 
pol fraction & Planck talk 
maps. 
!
• FGPol “LSA” and “BSS” 
templates [O’Dea et al. 
2009, O’Dea et al 2011, 
Clark et al 2013]
CMBPolarization2015
Template comparison method
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FIG. 6. Upper: Polarized dust foreground projections for our
field using various models available in the literature, and a
new one formulated using the information o cially available
from Planck. Dashed lines show autospectra of the models,
while solid lines show cross spectra between the models and
the BICEP2 maps. The BICEP2 auto spectrum from Fig. 2
is also shown with the lensed-⇤CDM+r = 0.2 spectrum.
Lower: Polarized synchrotron constraints for our field using
the WMAP K band (23 GHz) maps projected to 150 GHz
using the mean spectral index within our field (  =  3.3)
from WMAP. The blue points with error bars show the cross
spectrum between the BICEP2 and WMAP maps, with the
uncertainty estimated from cross spectra against simulations
of the WMAP noise. The magenta points with error bars and
the dashed curve show the WMAP auto spectrum with and
without noise debias. See the text for further details.
C. Point sources
Extragalactic point sources might also potentially be
a concern. Using the 143 GHz fluxes for the sources
in our field from the Planck catalog [96], together with
polarization information from ATCA [97] we find that
the contribution to the BB spectrum is equivalent to
r ⇡ 0.001. This is consistent with the projections of
Battye et al. [98].
X. CROSS SPECTRA
A. Cross spectra with BICEP1
BICEP1 observed essentially the same field as BICEP2
from 2006 to 2008. While a very similar instrument in
many ways the focal plane technology of BICEP1 was
entirely di↵erent, employing horn-fed PSBs read out via
neutron transmutation-doped (NTD) germanium ther-
mistors (see T10 for details). The high-impedance NTD
devices and readouts have di↵erent susceptibility to mi-
crophonic pickup and magnetic fields, and the shielding
of unwanted RFI and EMI was significantly di↵erent from
that of BICEP2. The beam systematics were also quite
di↵erent with a more conservative edge taper and smaller
observed pair centroid o↵sets (see T10 and the Instru-
ment Paper). BICEP1 had detectors at both 100 and
150 GHz.
Figure 7 compares the BICEP2 EE and BB auto spec-
tra with cross spectra taken against the 100 and 150 GHz
maps from BICEP1. For EE the correlation is extremely
strong, which simply confirms that the mechanics of the
process are working as expected. For BB the signal-
to-noise is of course much lower, but there appear to be
positive correlations. To test the compatibility of the BB
auto and cross spectra we take the di↵erences and com-
pare to the di↵erences of lensed-⇤CDM+noise+r = 0.2
simulations (which share common input skies). (For
all spectral di↵erence tests we compare against lensed-
⇤CDM+noise+r = 0.2 simulations as the cross terms
between signal and noise increase the variance even for
perfectly common sky coverage.) Using bandpowers 1–
5 the  2 and   PTEs are midrange, indicating that the
spectra are compatible to within the noise. (This is also
true for EE.)
To test for evidence of excess power over the base
lensed-⇤CDM expectation we calculate the BB  2 and  
statistics against this model. The BICEP2⇥BICEP1150
spectrum has PTEs of 0.37 and 0.05 respectively, while
the BICEP2⇥BICEP1100 spectrum has PTEs of 0.005
and 0.001. The latter corresponds to a ⇡ 3  de-
tection of excess power. While it may seem surpris-
ing that one cross spectrum shows a stronger detec-
tion than the other, it turns out not to be unusual in
lensed-⇤CDM+noise+r = 0.2 simulations. (Compared
to such lensed-⇤CDM+noise+r = 0.2 simulations,  2
and   PTEs are 0.92 and 0.74 for BICEP2⇥BICEP1150
and 0.18 and 0.23 for BICEP2⇥BICEP1100. These
simulations also indicate that the BICEP2⇥BICEP1150
and BICEP2⇥BICEP1100 values are only weakly cor-
related. Therefore if r = 0.2 is the true underly-
ing model then the observed BICEP2⇥BICEP1150  2
and   values appear to be modest downward fluctua-
• Up until Planck 2014 intermediate papers not much known 
about dust polarization. Dust polarization at lower frequencies 
still unclear - Planck 2015. 
!
• Model polarization - motivation; forecasting of coverage/
sensitivity/component separation errors for future experiments. 
!
• e.g. Planck Sky Model, FGPol. 
!
• FGPol aim (2009); Create a polarized sky model for use in 
forecasting and tailoring analysis methods for Spider 
experiment. 
!
• How much dust (synchrotron) contamination would experiments 
such as BICEP/BICEP2 and Spider et al. see? 
!
• Originated as part of thesis work of Daniel O’Dea + 
development by Caroline Clark, Carrie MacTavish, & CC.  
CMBPolarization2015
Modelling the polarized foreground
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Dust grain alignment - polarization
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[See e.g. Lazarian & Hoag 
2009, Page et al. 2007]
• Morphology and level of polarization of dust (and synchrotron) are determined 
by; 
- magnetic field of the galaxy  
!
- distribution of dust (cosmic ray electrons)
B?
Unpolarized 
starlight
Polarized 
transmission of 
starlight
Polarized thermal 
emission from dust 
grain
Line of sight
Galactic  
magnetic field 
component
• Uncertainties in modelling alignment include efficiency, shape 
dependence, relation to magnitude of magnetic field etc, etc. 
!
• Assume perfect alignment and degree of polarization is 
proportional to square of |B|. 
!
• Use simple models for structure of Galactic magnetic field and 
distribution of emitters - dust density (cosmic-ray electrons). 
!
• Spectral dependence, maybe not such a problem as first 
thought. 
CMBPolarization2015
Uncertain physics
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• Assume a simple model for large scale magnetic 
field - motivated by polarized starlight observations. 
• e.g. Logarithmic Spiral Arm (LSA)
CMBPolarization2015
Large-Scale Galactic Magnetic Field
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B⇢ =  B0 sin
✓
 0 +  1 ln
⇢
⇢W
◆
cos  ,
B  =  B0 cos
✓
 0 +  1 ln
⇢
⇢W
◆
cos  ,
Bz = B0 sin 
B0 ⇠ 3µG
z0 = 1kpc
⇢W = 8kpc
rE = 8kpc
“LSA” “BSS” Scales
Solar 
System
• Dust (cosmic-ray electron) distribution determine the distribution 
of polarized emission along line of sight.  
!
• Very simple model of dust distribution is used.
CMBPolarization2015
Dust distribution
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nd = n0 exp
✓
  ⇢
⇢d
◆
sech2
✓
z
zd
◆
.
⇢d = 3kpc
zd = 200 pc
Scales
• On small scales observations indicate that the field is turbulent. 
!
• Spectrum appears to be Kolmogorov below ~ 0.1 kpc scales. 
!
• Turbulence tends to de-polarize along the line of sight and 
injects random noise in final polarization amplitude and 
intensity.
CMBPolarization2015
Small-scale Galactic Magnetic Field
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Brms = 2µG
rinj ⇠ 0.1 kpc
rdis ⇠ 1 pc
ScaleslogPB(k)
⇠ 0.1 kpc ⌧ 1 pc
⇠ k 5/3
log k
• A map of Stokes parameters can be calculated by integrating contributions 
to polarized emission along each line of sight in Healpix map.
CMBPolarization2015
Line-of-sight-integration
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Imodel(✓, ) = ✏(⌫)
Z rmax
0
nd(~r) dr ,
Qmodel(✓, ) = ✏(⌫)
Z rmax
0
nd(~r)p0[B (~r)
2  B✓(~r)2] dr ,
Umodel(✓, ) = ✏(⌫)
Z rmax
0
nd(~r)p0[2B (~r)B✓(~r)] dr
P (✓, ) =
 
Q2model + U
2
model
  1
2
Imodel
,
 (✓, ) =
1
2
arctan
✓
Umodel
Qmodel
◆
Only keep polarization 
amplitude and angle 
information
Solar 
System
• Information that is actually utilised is polarization fraction 
(amplitude) and angle. 
!
• Coherent structure on very large scales.
CMBPolarization2015
Model polarization information
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Foreground Emission From Interstellar Dust 5
Figure 2. Polarisation fraction (top) and angle (bottom) in Galactic co-ordinates for our model of thermal dust emission at 150GHz
for the BSS (left column) and LSA (right column). The polarisation angle colour bar ranges from  ⇡/2 to ⇡/2. Both models include
large (ls) and small (ss) scale magnetic field components. The ss turbulent component was added in the one dimensional, line-of-sight
approximation and can be seen as an uncorrelated noise addition to the coherent ls component. There are significant di↵erences in the
morphology of the polarisation fraction between the BSS and LSA models due to the BSS model including the spiral arm structure.
2.4 Stokes Parameters
We combine the small-scale (ss) and large-scale (ls) magnetic
field values according to
Br = Br,ss +Br,ls ,
B✓ = B✓,ss +B✓,ls ,
B  = B ,ss +B ,ls , (4)
where r, ✓, and   are now Solar-centric spherical polar co-
ordinates. The polarisation at each point along the line-of-
sight rˆ is determined by the perpendicular field components,
B✓ and B .
The Stokes parameters for this model are projected
out from our three-dimensional model using the appropri-
ate line-of-sight integrals,
Imodel(✓, ) = ✏(⌫)
Z rmax
0
nd(r) dr ,
Qmodel(✓, ) = ✏(⌫)
Z rmax
0
nd(r)p0[B (r)
2  B✓(r)2] dr ,
Umodel(✓, ) = ✏(⌫)
Z rmax
0
nd(r)p0[2B (r)B✓(r)] dr , (5)
and the normalisation p0 is set to reproduce the average
polarisation fraction reported by WMAP outside their P06
mask, 3.6% (Kogut et al. 2007). Here, ✏ is the emissivity of
the dust as a function of frequency, ⌫. Note that we conform
to the default convention applied in the healpix1 package
(Go´rski et al. 2005) regarding the sign of U .
We have chosen the 3.6% average polarisation fraction
as a reference value but the templates can be scaled to fit
any other preferred value based on more detailed knowledge
of the polarisation fraction in smaller patches of the sky.
It is also useful to note that since we rescale the Q and U
components the overall normalisation of the magnetic field
model becomes irrelevant. However, the relative contribu-
tions from the ls and ss components in the field remains as
a model parameter.
For the line-of-sight integrals we integrate from zero out
to a maximum line-of-sight distance rmax of 30,000 pc. The
integrals are discretised in steps of 0.1 pc. The direction of
the lines-of-sight are chosen to coincide with the centre of
all healpix pixels at a given NPside, where N
P
side is less than
or equal to Nside of the total intensity template FDS map.
From this model we require maps of the polarisation
direction,  , and degree, P , which are given by
P (✓, ) =
 
Q2model + U
2
model
  1
2
Imodel
,
 (✓, ) =
1
2
arctan
✓
Umodel
Qmodel
◆
. (6)
1 See http://healpix.jpl.nasa.gov
c  2011 RAS, MNRAS 000, 1–9
“LSA”“BSS”
P
 
• Multiply polarization fraction 
template by total intensi ty 
template (e.g. FDS, IRAS/DIRBE 
model). 
!
• Introduces detailed (projected) 
galactic structure.
CMBPolarization2015
Construction of Templates
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I⌫dust(✓, ) = I
⌫
fds(✓, ) ,
Q⌫dust(✓, ) = I
⌫
fds(✓, )P (✓, ) cos (2  (✓, )) ,
U⌫dust(✓, ) = I
⌫
fds(✓, )P (✓, ) sin (2  (✓, ))
6 D. T. O’Dea, C. N. Clark, C. R. Contaldi and C. J. MacTavish
Figure 3. Stokes parameter maps (from top to bottom I, Q and U) in Galactic co-ordinates for our model of thermal dust emission at
150GHz for the BSS (left column) and LSA (right column).
Figure 2 shows maps of P and   obtained from a line-
of-sight integration at resolution NPside = 128 for the BSS
and LSA magnetic field models including a one dimensional,
small-scale turbulent component. The turbulent component
is seen here as an uncorrelated noise contribution to the
large-scale correlations induced by the large-scale magnetic
field model. These maps can be compared to the “geometric
suppression” factor shown in the right panel of Figure 8 of
Page et al. (2007). There are significant di↵erences between
the BSS and LSA field models in the morphology of the
polarisation fraction on the sky. The di↵erence is greatest
towards the Galactic centre and bulge and the Galactic anti-
centre which coincides with a spiral arm. The LSA model
does not include any azimuthal dependence and as such does
not model any modulation of the magnetic field strength
between spiral arms. In addition, the pitch angle of the LSA
model, as fit to theWMAP data, is very low and this leads
to a very mild dependence of the field alignment in the radial
direction. These di↵erences lead to a significantly simpler
polarisation structure in the LSA model than in the BSS
case which models the spiral arm structure explicitly.
The final dust model at frequency ⌫ can be written as
I⌫dust(✓, ) = I
⌫
FDS(✓, ) ,
Q⌫dust(✓, ) = I
⌫
FDS(✓, )P (✓, ) cos (2  (✓, )) ,
U⌫dust(✓, ) = I
⌫
FDS(✓, )P (✓, ) sin (2  (✓, )) , (7)
where I⌫FDS is the total intensity FDS prediction.
Our final product is a template foreground map with
small-scale structure modeled by the FDS predictions in the
total intensity but with polarisation fraction and angle de-
termined internally by our magnetic field model and line-of-
sight integrals. An alternative approach taken by Page et al.
c  2011 RAS, MNRAS 000, 1–9
• Assumes polarization = pol fraction x 
projected intensity. 
!
• Total intensity is a projected, 
integrated emission measure. 
!
• Polarization is sensitive to details of 
3D structures - this is missed by 
method - on certain scales.
CMBPolarization2015
The “southern patch”
19
Foreground Emission From Interstellar Dust 7
Figure 4. Gnomic projection of the polarisation amplitude and angle in a 75 ⇥ 75 degree patch in the southern Galactic hemisphere.
The left column shows the amplitude and angle from a line-of-sight integration including a full three dimensional realisation of the
small-scale turbulent magnetic field model. NPside = 1024 was used to calculate the “3D” maps but only for lines-of-sight corresponding
to pixels inside the patch. The right column shows the same area from the full-sky templates with NPside = 128. The full-sky maps used
a one dimensional realisation of the turbulent component along the line-of-sight to speed up the computation. The absence of correlated
small-scale structure and lower angular resolution of polarisation information in the “1D” case is clearly seen when comparing maps.
(2007) is to replace   with a map  dust =  ?+⇡/2 where  ?
is a smoothed map of observed starlight polarisation direc-
tions. This approach, however, is limited by the resolution
of the starlight data with only 1578 observations scattered
around the sky. It also requires a large smoothing kernel of
approximately 10 degrees in size and limits the application
of any template derived in this way to very large scales on
the sky, corresponding to angular multipoles ` . 15, and
Galactic latitudes |b| > 10  .
3 SCALES
It is important to consider the range in angular scales our
model is valid for. All our maps are pixelised atNside = 1024,
this ensures that the small-scale structure in the FDS pre-
diction is oversampled since the IRAS resolution translates
into a limit in angular multipoles of roughly `FDS ⇠ 1700
and the healpix pixel smoothing scale is `pix ⇠ 4Nside. The
overall, e↵ective resolution of our templates is therefore lim-
ited by the angular resolution of our line-of-sight coverage
which is set by the healpix resolution NPside.
For the full-sky maps presented here and made available
publicly we have chosen NPside = 128 which corresponds to
a limit of roughly ` ⇠ 500 in multipole space. We also show
in our example maps a small patch prediction with NPside =
c  2011 RAS, MNRAS 000, 1–9
Approximate BICEP2 coverage
• Small patches; high resolution line of sight 
integration. 
!
• Full 3D turbulence realisation - proper 
correlation of small scale component. 
!
• BSS and LSA templates used in BICEP2 
analysis.
• Method reproduces WMAP 23 GHz (synchrotron) maps very 
well on large scales.
CMBPolarization2015
Synchrotron vs WMAP
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Modelling Polarisation Foregrounds 3
Figure 1. From top to bottom, Q and U Stokes parameter template maps, displayed in Galactic co-ordinates for left: FGPol model of
synchrotron emission at 23GHz for the LSA GMF model. These were generated at Nside = 1024 map resolution based on NPside = 128
line-of-sight resolution. The maps are smoothed to 1  and downgraded to Nside = 64. right: WMAP MCMC synchrotron map for
comparison. Units are µK antenna temperature.
(23GHz) whilst the intensity has been well measured (free
from CMB contamination) at 408MHz by the Haslam all
sky survey. As detailed below we use the Haslam maps
to introduce detailed morphology in our templates since
the WMAP Maximum Entropy Method (MEM) maps still
contain a significant noise residual due to CMB contami-
nation at the smoothing scale adopted (1 ). We compare
the templates obtained here with the WMAP synchrotron
and dust maps obtained through their Monte Carlo Markov
Chain (MCMC) best–fit procedure (Gold et al. 2011). Simi-
lar templates (Fauvet et al. 2010) have been compared with
Archeops maps over a limited fraction of the sky at 353
GHz (Benoˆıt et al. 2004) but these maps are not publicly
available.
3 MODEL
3.1 Galactic Magnetic Field Model
A number of magnetic field models were compared in FG-
PolI 2. Here we limit the choice to the Logarithmic Spiral
2 We refer the reader to FGPolI for a detailed discussion of
GMFs on large and small scales.
Arm (LSA) model introduced by Page et al. (2007) for use
in modelling the WMAP data. The model is defined as
B⇢ =  B0 sin
✓
 0 +  1 ln
⇢
⇢W
◆
cos  ,
B  =  B0 cos
✓
 0 +  1 ln
⇢
⇢W
◆
cos  ,
Bz = B0 sin  , (1)
where ⇢,   and z are Galacto-centric cylindrical co-ordinates
with  , the cylindrical longitude, measured from the direc-
tion of the Sun,   =  0 tanh(z/z0) parametrizes the ampli-
tude of the z component and z0 = 1 kpc. The field amplitude
is set to B0 = 3µG, and we take the distance between the
Sun and the Galactic center to be 8 kpc. Best-fit parameter
values obtained by fits to the WMAP K-band field direc-
tions are  0 = 27 degrees,  1 = 0.9 degrees, and  0 = 25
degrees. The radial scale is set to ⇢W = 8 kpc and the scale
height is set to z0 = 1 kpc.
Although we focus on large angular scales we also in-
clude a small-scale random component in our GMF model
by adding a realisation of a Kolmogorov turbulence field
with a one-dimensional Kolmogorov energy spectral index
of  5/3. An injection scale of 100 pc is chosen for the tur-
bulent realisation with a negligibly small dissipation scale
compared to the resolution scale.
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• Care must be taken when using templates to constrain level of 
foreground in real data. 
!
• Templates are only fiducial models of the sky on largest scales. 
!
• Intermediate scales have much information missing as models 
do not include many galactic features (clouds, spiral arms 
density, supernovae rings, correlation between etc.)
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Figure 6. Comparison of patches targeted by a variety of sub-
orbital experiments. Spider targets the largest area (fsky ⇠ 0.1),
EBEX targets the smallest patch (fsky ⇠ 0.01) and Bicep2/Keck
targets the southern most patch (fsky ⇠ 0.03).
modynamic temperature in order to compare directly with
the expected BB signal for a tensor-to-scalar ratio r = 0.1.
Both primordial and lensing contribution to the BB signal
are shown.
The amplitude of foreground contamination varies by
roughly an order of magnitude between the area targeted
by di↵erent experiments. In particular the area targeted by
EBEX seems to be very clean with the foreground signal
reduced by an order of magnitude compared to the areas
targeted by Spider and Bicep2/Keck. This agrees visually
with the impression given in Figure 6.
7 CONCLUSIONS
We have presented templates for polarised emission from
synchrotron radiation within our Galaxy using a 3D model
of the Galactic magnetic field and cosmic ray density dis-
tribution. From this model, maps of polarisation amplitude
and angle are calculated which are then combined with to-
tal intensity measurements from the Haslam 408MHz all-sky
radio continuum survey to provide template maps.
We have compared the FGPol templates obtained from
this model with data from the WMAP satellite for both
synchrotron and dust emission. We find that the synchrotron
template agrees qualitatively with the observations whereas
comparison of the dust template is complicated by the large
residuals present in the WMAP estimates.
We have also looked at foreground contamination levels
in patches that will be targeted by upcoming experiments
and found that our model predicts significant di↵erences of
up to an order of magnitude in the foreground contami-
nation of di↵erent patches. The level of contamination will
dominate the ability of various experiments to achieve their
target sensitivity with respect to the B-mode signal being
searched for.
As more polarisation data becomes available the com-
parison between the model and observations will become
more quantitatively precise. In particular future Planck data
releases will provide high signal-to-noise Q and U maps at a
Figure 7. Foreground amplitude for synchrotron (left panel) and
dust (right panel) calculated from patches targeted by various
suborbital experiments compared with theoretical EE and BB
spectra for r = 0.1. The index of the power law used is from
the corresponding near full sky power spectrum fits. Also shown
are the near full sky best fit spectra for the FGPol synchrotron
template from Table 1 along with best fit spectra to the dust
templates with Q and U normalised so that the polarisation frac-
tion is 3.6% outside the WMAP P06 mask. The amplitudes were
calculated from our FGPol dust and synchrotron templates at
150GHz calculated from maps generated at Nside = 1024 for the
large scale resolution and NPside = 128 for the small scale line-of-
sight resolution, which are then smoothed to 1  and downgraded
to Nside = 64. Units are µKCMB.
number of frequencies and we will be able to refine our model
based on them. Indeed, in future, it should be possible to
learn much about the Galactic magnetic field itself by fitting
the (many) model parameters to actual data. This will shed
light on many aspects of our Galaxy’s physical model that
are still poorly understood.
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Figure 3 Left: A multipole-by-multipole comparison of the levels of statistical noise at each
frequency in Table 1 after both flights and of the astrophysical and cosmological signals,
including Galactic foregrounds, lensing, and the B-mode signal assuming a scalar-to-tensor
ratio r = 0.03. Right: Level of Galactic foreground emission in the nominal Spider field
(fsky = 10%) compared to constituent trial fields with fsky = 2%. The optimal 2% of the
sky, outlined in Figure 4, has the lowest polarized dust emission at 50 < ℓ < 200 not only
within the Spider region, but also within the entire area of sky accessible from a McMurdo
LDB flight. Spectra are also shown for a trial field centered on (α = 0◦, δ = −57◦), which
lies within the “Southern Hole,” a target region used by several ground-based experiments.
Note that our foreground model does not include polarized synchrotron emission from the
Galaxy given the weakness of this signal in our bands in the Spider region (see discussion
in Section 3.1).
The left panel of Figure 3 shows th power spectra of the pol rized Galactic dust emis-
sion in the Spider field for all three frequencies in Table 1, along with the per-multipole
statistical error for each band after both flights as predicted by a Fisher analysis (see Sec-
tion 5). At a given frequency, the brightness of the polarized emission from interstellar dust
in the Spider field is comparable to that of the full-sky average of this signal (Galactic
plane excluded), whose characteristics w re described in Section 3.1. Interestingly, it is also
comparable to that of the polarized Galactic dust emission in a typical fsky = 2% patch in
the popular “Southern Hole” region, as shown in the right panel of Figure 3, even though
Spider will observe five times as much sky as covered by this patch. This appears to indicate
that although the Southern Hole is believed to be the region of the southern sky most free of
dust emission, it might not be th region most free of polarized dust emission. Finally, it is
worth noting that the Spider region encompasses the cleanest 2% of the sky accessible from
a McMurdo LDB flight, and that a large majority of its component fields exhibit significantly
less polarized Galactic dust emission than the region average (the relevant power spectra are
also shown in the right panel of Figure 3). This will provide valuable cross-checks to evaluate
the level of foreground contamination in the Spider maps.
– 10 –
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Figure 6. Comparison of patches targeted by a variety of sub-
orbital experiments. Spider targets the largest area (fsky ⇠ 0.1),
EBEX targets the smallest patch (fsky ⇠ 0.01) and Bicep2/Keck
targets the southern most patch (fsky ⇠ 0.03).
modynamic temperature in order to compare directly with
the expected BB signal for a tensor-to-scalar ratio r = 0.1.
Both primordial and lensing contribution to the BB signal
are shown.
The amplitude of foreground contamination varies by
roughly an order of magnitude between the area targeted
by di↵erent experiments. In particular the area targeted by
EBEX seems to be very clean with the foreground signal
reduced by an order of magnitude compared to the areas
targeted by Spider and Bicep2/Keck. This agrees visually
with the impression given in Figure 6.
7 CONCLUSIONS
We have presented templates for polarised emission from
synchrotron radiation within our Galaxy using a 3D model
of the Galactic magnetic field and cosmic ray density dis-
tribution. From this model, maps of polarisation amplitude
and angle are calculated which are then combined with to-
tal intensity measurements from the Haslam 408MHz all-sky
radio continuum survey to provide template maps.
We have compared the FGPol templates obtained from
this model with data from the WMAP satellite for both
synchrotron and dust emission. We find that the synchrotron
template agrees qualitatively with the observations whereas
comparison of the dust template is complicated by the large
residuals present in the WMAP estimates.
We have also looked at foreground contamination levels
in patches that will be targeted by upcoming experiments
and found that our model predicts significant di↵erences of
up to an order of magnitude in the foreground contami-
nation of di↵erent patches. The level of contamination will
dominate the ability of various experiments to achieve their
target sensitivity with respect to the B-mode signal being
searched for.
As more polarisation data becomes available the com-
parison between the model and observations will become
more quantitatively precise. In particular future Planck data
releases will provide high signal-to-noise Q and U maps at a
Figure 7. Foreground amplitude for synchrotron (left panel) and
dust (right panel) calculated from patches targeted by various
suborbital experiments compared with theoretical EE and BB
spectra for r = 0.1. The index of the power law used is from
the corresponding near full sky power spectrum fits. Also shown
are the near full sky best fit spectra for the FGPol synchrotron
template from Table 1 along with best fit spectra to the dust
templates with Q and U normalised so that the polarisation frac-
tion is 3.6% outside the WMAP P06 mask. The amplitudes were
calculated from our FGPol dust and synchrotron templates at
150GHz calculated from maps generated at Nside = 1024 for the
large scale resolution and NPside = 128 for the small scale line-of-
sight resolution, which are then smoothed to 1  and downgraded
to Nside = 64. Units are µKCMB.
number of frequencies and we will be able to refine our model
based on them. Indeed, in future, it should be possible to
learn much about the Galactic magnetic field itself by fitting
the (many) model parameters to actual data. This will shed
light on many aspects of our Galaxy’s physical model that
are still poorly understood.
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Figure 3 Left: A multipole-by-multipole comparison of the levels of statistical noise at each
frequency in Table 1 after both flights and of the astrophysical and cosmological signals,
including Galactic foregrounds, lensing, and the B-mode signal assuming a scalar-to-tensor
ratio r = 0.03. Right: Level of Galactic foreground emission in the nominal Spider field
(fsky = 10%) compared to constituent trial fields with fsky = 2%. The optimal 2% of the
sky, outlined in Figure 4, has the lowest polarized dust emission at 50 < ℓ < 200 not only
within the Spider region, but also within the entire area of sky accessible from a McMurdo
LDB flight. Spectra are also shown for a trial field centered on (α = 0◦, δ = −57◦), which
lies within the “Southern Hole,” a target region used by several ground-based experiments.
Note that our foreground model does not include polarized synchrotron emission from the
Galaxy given the weakness of this signal in our bands in the Spider region (see discussion
in Section 3.1).
The left panel of Figure 3 shows th power spectra of the pol rized Galactic dust emis-
sion in the Spider field for all three frequencies in Table 1, along with the per-multipole
statistical error for each band after both flights as predicted by a Fisher analysis (see Sec-
tion 5). At a given frequency, the brightness of the polarized emission from interstellar dust
in the Spider field is comparable to that of the full-sky average of this signal (Galactic
plane excluded), whose characteristics w re described in Section 3.1. Interestingly, it is also
comparable to that of the polarized Galactic dust emission in a typical fsky = 2% patch in
the popular “Southern Hole” region, as shown in the right panel of Figure 3, even though
Spider will observe five times as much sky as covered by this patch. This appears to indicate
that although the Southern Hole is believed to be the region of the southern sky most free of
dust emission, it might not be th region most free of polarized dust emission. Finally, it is
worth noting that the Spider region encompasses the cleanest 2% of the sky accessible from
a McMurdo LDB flight, and that a large majority of its component fields exhibit significantly
less polarized Galactic dust emission than the region average (the relevant power spectra are
also shown in the right panel of Figure 3). This will provide valuable cross-checks to evaluate
the level of foreground contamination in the Spider maps.
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Planck Collaboration: Dust polarization at high latitudes
Fig. 5: Rat of the amplitudes of the DBB` and DEE` dust
power spectra at 353GHz for the di↵erent LR regions defined
in Sect. 3.3.1, distinguished here with fsky. The mean value⌦
ABB/AEE
↵
= 0.52 is plotted as a dashed line.
rived from these fits are listed in Table 1 (the ABB amplitudes
can be retrieved from the ABB/AEE ratio), and plotted as a func-
tion of hI353i in Fig. 4, after normalization by the maximum
value found for the largest region (LR72). We fit the empiri-
cal dependence of these amplitudes on hI353i as a power law
of the f rm AXX(hI353i) = KXXhI353i✏XX where X 2 {E, B}. The
two fitted exponents are quite similar, ✏EE = 1.88 ± 0.02 and
✏BB = 1.90 ± 0.02. The exponent that we find for polarization
is close to the one observed in the di↵use interstellar medium
for the dust intensity, consistent with ATT⌫ / hI⌫i2, where hI⌫i is
the mean value of the dust specific intensity (Miville-Descheˆnes
et al. 2007). Values close to 2 are expected, because we compute
angular power spectra, which deal with squared quantities.
Although the data points roughly follow this hI353i1.9 depen-
dence, the empirical law fails to fully describe individual dust
amplitudes (e.g., the estimate is o↵ by about 20% for DBB` on
LR33). The scaling can help to asses the order of magnitude of
the dust polarization level on a specific region, but is not a sub-
stitute for actually characterizing the polarized angular power
spectra.
4.4. Amplitude of DBB` relative to DEE`
We examine the ratio of the amplitudes of the fitted power laws
found in Sect. 4.3. The ABB/AEE ratios are listed in Table 1,
and plotted for di↵erent values of fsky in Fig. 5. For all of the
LR regions, we observe mor power in the DEE` dust spec-
trum than in DBB` . All ratios are consistent with a value of
ABB/AEE = 0.52 ± 0.03, significantly di↵erent from unity, over
various large fractions of the intermediate latitude sky.
This result is not taken into account in existing models of
polarized microwave dust emission that have been developed
to test component separation methods. . For example, we have
computed the DEE` and DBB` spectra over the LR regions for the
Planck Sky Model (Delabrouille et al. 2013) and the model of
O’Dea et al. (2012); for both models and all LR regions we find
a ratio ABB/AEE close to 1. However, these two models are based
on a very simplified picture of the Galactic magnetic field geom-
etry and assumpti ns on how the polarized emission depends on
it. Further insight into the structure of the dust polarization sky
is required to account for the observed ratio.
Fig. 6: Frequency dependence of the amplitudes AEE,BB of the
angular power spectra, relative to 353GHz (see details in
Sect. 4.5). Results for DEE` (red squares) and DBB` (blue cir-
cles) for the smallest region, LR24. These include evaluations
from cross-spectra involving polarization data at two frequen-
cies, plotted at the geometric mean frequency. The square of
the adopted relative SED for dust polarization, which is a mod-
ified blackbody spectrum with  d = 1.59 and Td = 19.6K,
is displayed as a black dashed line. The ±1  uncertainty area
from the expected dispersion of  d, 0.03 for the size of LR24
as inferred from Planck Collaboration Int. XXII (2014) (see
Sect. 2.2.1), is displayed in grey.
4.5. Amplitude dependence on frequency
Finally, we explore the frequency dependence of the amplitude
of the angular power spectra. We compute the DEE` and DBB`
angular power spectra from the Q and U DetSet maps at 100,
143, 217, and 353GHz (see Sect. 3.2). From these four sets of
polarization maps, we compute ten power spectra: 100 ⇥ 100;
100⇥143; 100⇥217; 100⇥353; 143⇥143; 143⇥217; 143⇥353;
217 ⇥ 217; 217 ⇥ 353; and 353 ⇥ 353.
The ten angular cross-power spectra are consistent with a
power law in `, with the exponent ↵EE,BB =  2.42 measured at
353GHz (Sect. 4.2). Therefore, to each of these spectra we fit
the amplitudes of a power-law function that has a fixed exponent
↵EE,BB =  2.42, in the range 40 < ` < 500, for DEE` and DBB` .
As an illustration of the quality of the fit, for the smallest region
(LR24, fsky = 0.3) the averages and dispersions of the  2 (21
degrees of freedom) of the fits are  2EE = 13.4 ± 8.2 and  2BB =
12.8 ± 6.9 for the ten cross-frequency spectra.
To compare the frequency dependence of the results of the
fits to that expected from the SED for dust polarization from
Planck Collaboration Int. XXII (2014), we converted the fitted
amplitudes AEE,BB from µK2CMB to units of (MJy sr
 1)2, taking
into account the Planck colour corrections.11 For all regions, we
examined the frequency dependence by plotting the amplitudes
normalized to unity at 353GHz, versus the e↵ective frequency.12
A representative example is shown in Fig. 6 for the smallest re-
gion, LR24 ( fsky = 0.3).
11 Conversion factors were computed as described in Sect. 2.1, here
using colour corrections corresponding to a dust modified blackbody
spectrum with  d = 1.59 and Td = 19.6K.
12 For a cross-spectrum between data at frequency ⌫1 and frequency ⌫2
the e↵ective frequency is taken for convenience as the geometric mean,
⌫e↵ ⌘ p⌫1⌫2.
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Figure 6. Comparison of patches targeted by a variety of sub-
orbital experiments. Spider targets the largest area (fsky ⇠ 0.1),
EBEX targets the smallest patch (fsky ⇠ 0.01) and Bicep2/Keck
targets the southern most patch (fsky ⇠ 0.03).
modynamic temperature in order to compare directly with
the expected BB signal for a tensor-to-scalar ratio r = 0.1.
Both primordial and lensing contribution to the BB signal
are shown.
The amplitude of foreground contamination varies by
roughly an order of magnitude between the area targeted
by di↵erent experiments. In particular the area targeted by
EBEX seems to be very clean with the foreground signal
reduced by an order of magnitude compared to the areas
targeted by Spider and Bicep2/Keck. This agrees visually
with the impression given in Figure 6.
7 CONCLUSIONS
We have presented templates for polarised emission from
synchrotron radiation within our Galaxy using a 3D model
of the Galactic magnetic field and cosmic ray density dis-
tribution. From this model, maps of polarisation amplitude
and angle are calculated which are then combined with to-
tal intensity measurements from the Haslam 408MHz all-sky
radio continuum survey to provide template maps.
We have compared the FGPol templates obtained from
this model with data from the WMAP satellite for both
synchrotron and dust emission. We find that the synchrotron
template agrees qualitatively with the observations whereas
comparison of the dust template is complicated by the large
residuals present in the WMAP estimates.
We have also looked at foreground contamination levels
in patches that will be targeted by upcoming experiments
and found that our model predicts significant di↵erences of
up to an order of magnitude in the foreground contami-
nation of di↵erent patches. The level of contamination will
dominate the ability of various experiments to achieve their
target sensitivity with respect to the B-mode signal being
searched for.
As more polarisation data becomes available the com-
parison between the model and observations will become
more quantitatively precise. In particular future Planck data
releases will provide high signal-to-noise Q and U maps at a
Figure 7. Foreground amplitude for synchrotron (left panel) and
dust (right panel) calculated from patches targeted by various
suborbital experiments compared with theoretical EE and BB
spectra for r = 0.1. The index of the power law used is from
the corresponding near full sky power spectrum fits. Also shown
are the near full sky best fit spectra for the FGPol synchrotron
template from Table 1 along with best fit spectra to the dust
templates with Q and U normalised so that the polarisation frac-
tion is 3.6% outside the WMAP P06 mask. The amplitudes were
calculated from our FGPol dust and synchrotron templates at
150GHz calculated from maps generated at Nside = 1024 for the
large scale resolution and NPside = 128 for the small scale line-of-
sight resolution, which are then smoothed to 1  and downgraded
to Nside = 64. Units are µKCMB.
number of frequencies and we will be able to refine our model
based on them. Indeed, in future, it should be possible to
learn much about the Galactic magnetic field itself by fitting
the (many) model parameters to actual data. This will shed
light on many aspects of our Galaxy’s physical model that
are still poorly understood.
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Planck Collaboration: Dust polarization at high latitudes
Fig. 9: Planck 353GHz DBB` angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150GHz (box
centres). The shaded boxes represent the ±1  uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150GHz. The Planck 2013 best-fit ⇤CDMDBB` CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.
Appendix D.1 confirms that the result does not depend on the
method of computing the power spectrum.
This power spectrum is extrapolated to 150GHz as in
Sect. 6.2, with an xtrapolation uncertainty estimated from the
inferred dispersion of  d. Our final estimate of the DBB` spec-
trum is presented in Fig. 9, together with its 1  error budget.
For the first bin, `= 40–120, the expected level of dust polarized
DBB` , as extrapolated to 150GHz, is 1.32⇥ 10 2 µK2CMB (Fig. 9).
The statistical error, estimated from Monte Carlo simulations of
inhomogeneous Planck noise (presented in Appendix A for this
particular binning), is ± 0.29⇥10 2 µK2CMB, so that the dustDBB`
spectrum is statistically detected at 4.5  in this broad ` bin.
In order to assess the potential contribution from systemat-
ics, we have computed the dust DBB` spectrum on MB2 on dif-
ferent subsets of the data and performed null tests, which are
presented in Appendix D.3. In this lowest bin of `, we do not ob-
serve a y departure from what is allowed by noise. Nevertheless,
we stress that below the noise level our cross-spectra could be
subject to a positive or negative bias due to systematic e↵ects.
For example, if instead of taking the DetSets cross-spectra (as
we have d ne throughout this paper) we take the mean value
computed from the DetSets, HalfRings, and Years cross-spectra
(presented in Appendix D.3), the statistical significance of our
measurement is decreased from 4.5  to 3.6 .
The uncertainty coming from the MB2 definition (presented
in Appendix D.2) is 0.04 ⇥ 10 2 µK2CMB for this bin, thus uch
less than the statistical error. For this reason, it is not added to
the error budget. However, the spectral extrapolation to 150GHz
adds an additional uncertainty (+0.28, 0.24) ⇥ 10 2 µK2CMB to
the estimated power in MB2, added in quadrature in Fig. 9.
The expected value in this lowest-` bin from direct compu-
tation of theDBB` power spectrum on MB2, as shown in Fig. 9, is
lower than (but consistent with) the statistical expectation from
the analysis of the 352 high Galactic latitude patches presented
in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD / hI353i1.9.
These values of the DBB` amplitude in the ` range of the pri-
mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.
6.4. Frequency dependence
We complement the power spectrum analysis of the 353GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB
power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.
We compute on MB2 the Planck DBB` auto- and cross-power
spectra from the three Planck HFI bands at 100, 143, 217, and
353GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 ⇥ 100,
100⇥143, 100⇥217, 100⇥353, 143⇥143, 143⇥217, 143⇥353,
217 ⇥ 217, 217 ⇥ 353, and 353 ⇥ 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB` spectra,
we fit the amplitude of a power law in ` with a fixed exponent
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Fig. 5: Rat of the amplitudes of the DBB` and DEE` dust
power spectra at 353GHz for the di↵erent LR regions defined
in Sect. 3.3.1, distinguished here with fsky. The mean value⌦
ABB/AEE
↵
= 0.52 is plotted as a dashed line.
rived from these fits are listed in Table 1 (the ABB amplitudes
can be retrieved from the ABB/AEE ratio), and plotted as a func-
tion of hI353i in Fig. 4, after normalization by the maximum
value found for the largest region (LR72). We fit the empiri-
cal dependence of these amplitudes on hI353i as a power law
of the f rm AXX(hI353i) = KXXhI353i✏XX where X 2 {E, B}. The
two fitted exponents are quite similar, ✏EE = 1.88 ± 0.02 and
✏BB = 1.90 ± 0.02. The exponent that we find for polarization
is close to the one observed in the di↵use interstellar medium
for the dust intensity, consistent with ATT⌫ / hI⌫i2, where hI⌫i is
the mean value of the dust specific intensity (Miville-Descheˆnes
et al. 2007). Values close to 2 are expected, because we compute
angular power spectra, which deal with squared quantities.
Although the data points roughly follow this hI353i1.9 depen-
dence, the empirical law fails to fully describe individual dust
amplitudes (e.g., the estimate is o↵ by about 20% for DBB` on
LR33). The scaling can help to asses the order of magnitude of
the dust polarization level on a specific region, but is not a sub-
stitute for actually characterizing the polarized angular power
spectra.
4.4. Amplitude of DBB` relative to DEE`
We examine the ratio of the amplitudes of the fitted power laws
found in Sect. 4.3. The ABB/AEE ratios are listed in Table 1,
and plotted for di↵erent values of fsky in Fig. 5. For all of the
LR regions, we observe mor power in the DEE` dust spec-
trum than in DBB` . All ratios are consistent with a value of
ABB/AEE = 0.52 ± 0.03, significantly di↵erent from unity, over
various large fractions of the intermediate latitude sky.
This result is not taken into account in existing models of
polarized microwave dust emission that have been developed
to test component separation methods. . For example, we have
computed the DEE` and DBB` spectra over the LR regions for the
Planck Sky Model (Delabrouille et al. 2013) and the model of
O’Dea et al. (2012); for both models and all LR regions we find
a ratio ABB/AEE close to 1. However, these two models are based
on a very simplified picture of the Galactic magnetic field geom-
etry and assumpti ns on how the polarized emission depends on
it. Further insight into the structure of the dust polarization sky
is required to account for the observed ratio.
Fig. 6: Frequency dependence of the amplitudes AEE,BB of the
angular power spectra, relative to 353GHz (see details in
Sect. 4.5). Results for DEE` (red squares) and DBB` (blue cir-
cles) for the smallest region, LR24. These include evaluations
from cross-spectra involving polarization data at two frequen-
cies, plotted at the geometric mean frequency. The square of
the adopted relative SED for dust polarization, which is a mod-
ified blackbody spectrum with  d = 1.59 and Td = 19.6K,
is displayed as a black dashed line. The ±1  uncertainty area
from the expected dispersion of  d, 0.03 for the size of LR24
as inferred from Planck Collaboration Int. XXII (2014) (see
Sect. 2.2.1), is displayed in grey.
4.5. Amplitude dependence on frequency
Finally, we explore the frequency dependence of the amplitude
of the angular power spectra. We compute the DEE` and DBB`
angular power spectra from the Q and U DetSet maps at 100,
143, 217, and 353GHz (see Sect. 3.2). From these four sets of
polarization maps, we compute ten power spectra: 100 ⇥ 100;
100⇥143; 100⇥217; 100⇥353; 143⇥143; 143⇥217; 143⇥353;
217 ⇥ 217; 217 ⇥ 353; and 353 ⇥ 353.
The ten angular cross-power spectra are consistent with a
power law in `, with the exponent ↵EE,BB =  2.42 measured at
353GHz (Sect. 4.2). Therefore, to each of these spectra we fit
the amplitudes of a power-law function that has a fixed exponent
↵EE,BB =  2.42, in the range 40 < ` < 500, for DEE` and DBB` .
As an illustration of the quality of the fit, for the smallest region
(LR24, fsky = 0.3) the averages and dispersions of the  2 (21
degrees of freedom) of the fits are  2EE = 13.4 ± 8.2 and  2BB =
12.8 ± 6.9 for the ten cross-frequency spectra.
To compare the frequency dependence of the results of the
fits to that expected from the SED for dust polarization from
Planck Collaboration Int. XXII (2014), we converted the fitted
amplitudes AEE,BB from µK2CMB to units of (MJy sr
 1)2, taking
into account the Planck colour corrections.11 For all regions, we
examined the frequency dependence by plotting the amplitudes
normalized to unity at 353GHz, versus the e↵ective frequency.12
A representative example is shown in Fig. 6 for the smallest re-
gion, LR24 ( fsky = 0.3).
11 Conversion factors were computed as described in Sect. 2.1, here
using colour corrections corresponding to a dust modified blackbody
spectrum with  d = 1.59 and Td = 19.6K.
12 For a cross-spectrum between data at frequency ⌫1 and frequency ⌫2
the e↵ective frequency is taken for convenience as the geometric mean,
⌫e↵ ⌘ p⌫1⌫2.
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• Discrepancy between BICEP2 analysis of foregrounds and 
pre-2014 forecasts? 
!
• Both plots use LSA and BSS FGPol templates.
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FIG. 6. Upper: Polarized dust foreground projections for our
field using various models available in the literature, and a
new one formulated using the information o cially available
from Planck. Dashed lines show autospectra of the models,
while solid lines show cross spectra between the models and
the BICEP2 maps. The BICEP2 auto spectrum from Fig. 2
is also shown with the lensed-⇤CDM+r = 0.2 spectrum.
Lower: Polarized synchrotron constraints for our field using
the WMAP K band (23 GHz) maps projected to 150 GHz
using the mean spectral index within our field (  =  3.3)
from WMAP. The blue points with error bars show the cross
spectrum between the BICEP2 and WMAP maps, with the
uncertainty estimated from cross spectra against simulations
of the WMAP noise. The magenta points with error bars and
the dashed curve show the WMAP auto spectrum with and
without noise debias. See the text for further details.
C. Point sources
Extragalactic point sources might also potentially be
a concern. Using the 143 GHz fluxes for the sources
in our field from the Planck catalog [96], together with
polarization information from ATCA [97] we find that
the contribution to the BB spectrum is equivalent to
r ⇡ 0.001. This is consistent with the projections of
Battye et al. [98].
X. CROSS SPECTRA
A. Cross spectra with BICEP1
BICEP1 observed essentially the same field as BICEP2
from 2006 to 2008. While a very similar instrument in
many ways the focal plane technology of BICEP1 was
entirely di↵erent, employing horn-fed PSBs read out via
neutron transmutation-doped (NTD) germanium ther-
mistors (see T10 for details). The high-impedance NTD
devices and readouts have di↵erent susceptibility to mi-
crophonic pickup and magnetic fields, and the shielding
of unwanted RFI and EMI was significantly di↵erent from
that of BICEP2. The beam systematics were also quite
di↵erent with a more conservative edge taper and smaller
observed pair centroid o↵sets (see T10 and the Instru-
ment Paper). BICEP1 had detectors at both 100 and
150 GHz.
Figure 7 compares the BICEP2 EE and BB auto spec-
tra with cross spectra taken against the 100 and 150 GHz
maps from BICEP1. For EE the correlation is extremely
strong, which simply confirms that the mechanics of the
process are working as expected. For BB the signal-
to-noise is of course much lower, but there appear to be
positive correlations. To test the compatibility of the BB
auto and cross spectra we take the di↵erences and com-
pare to the di↵erences of lensed-⇤CDM+noise+r = 0.2
simulations (which share common input skies). (For
all spectral di↵erence tests we compare against lensed-
⇤CDM+noise+r = 0.2 simulations as the cross terms
between signal and noise increase the variance even for
perfectly common sky coverage.) Using bandpowers 1–
5 the  2 and   PTEs are midrange, indicating that the
spectra are compatible to within the noise. (This is also
true for EE.)
To test for evidence of excess power over the base
lensed-⇤CDM expectation we calculate the BB  2 and  
statistics against this model. The BICEP2⇥BICEP1150
spectrum has PTEs of 0.37 and 0.05 respectively, while
the BICEP2⇥BICEP1100 spectrum has PTEs of 0.005
and 0.001. The latter corresponds to a ⇡ 3  de-
tection of excess power. While it may seem surpris-
ing that one cross spectrum shows a stronger detec-
tion than the other, it turns out not to be unusual in
lensed-⇤CDM+noise+r = 0.2 simulations. (Compared
to such lensed-⇤CDM+noise+r = 0.2 simulations,  2
and   PTEs are 0.92 and 0.74 for BICEP2⇥BICEP1150
and 0.18 and 0.23 for BICEP2⇥BICEP1100. These
simulations also indicate that the BICEP2⇥BICEP1150
and BICEP2⇥BICEP1100 values are only weakly cor-
related. Therefore if r = 0.2 is the true underly-
ing model then the observed BICEP2⇥BICEP1150  2
and   values appear to be modest downward fluctua-
[Clark, CC, MacTavish, Jan 2013][BICEP2 Apr 2014]
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Figure 6. Comparison of patches targeted by a variety of sub-
orbital experiments. Spider targets the largest area (fsky ⇠ 0.1),
EBEX targets the smallest patch (fsky ⇠ 0.01) and Bicep2/Keck
targets the southern most patch (fsky ⇠ 0.03).
modynamic temperature in order to compare directly with
the expected BB signal for a tensor-to-scalar ratio r = 0.1.
Both primordial and lensing contribution to the BB signal
are shown.
The amplitude of foreground contamination varies by
roughly an order of magnitude between the area targeted
by di↵erent experiments. In particular the area targeted by
EBEX seems to be very clean with the foreground signal
reduced by an order of magnitude compared to the areas
targeted by Spider and Bicep2/Keck. This agrees visually
with the impression given in Figure 6.
7 CONCLUSIONS
We have presented templates for polarised emission from
synchrotron radiation w thin our Galaxy u ing a 3D model
of the Galactic magnetic field and cosmic ray density dis-
tribution. From this model, maps of polarisation amplitude
and angle are calculated which are then combined with to-
tal intensity measurements from the Haslam 408MHz all-sky
radio continuum survey to provide template maps.
We have compared the FGPol templates obtained from
this model with data from the WMAP satellite for both
synchrotron and dust emission. We find that the synchrotron
template agrees qualitatively with the observations whereas
comparison of the dust template is complicated by the large
residuals present in the WMAP estimates.
We have also looked at foreground contamination levels
in patches that will be targeted by upcoming experiments
and found that our model predicts significant di↵erences of
up to an order of magnitude in the foreground contami-
nation of di↵erent patches. The level of contamination will
dominate the ability of various experiments to achieve their
target sensitivity with respect to the B-mode signal being
searched for.
As more polarisation data becomes available the com-
parison between the model and observations will become
more quantitatively precise. In particular future Planck data
releases will provide high signal-to-noise Q and U maps at a
Figure 7. Foreground amplitude for synchrotron (left panel) and
dust (right panel) calculated from patches targeted by various
suborbital experiments compared with theoretical EE and BB
spectra for r = 0.1. The index of the power law used is from
the corresponding near full sky power spectrum fits. Also shown
are the near full sky best fit spectra for the FGPol synchrotron
template from Table 1 along with best fit spectra to the dust
templates with Q a d U normalised s that t polarisation frac-
tion is 3.6% outside the WMAP P06 mask. The amplitudes were
calculated from our FGPol dust and synchrotron templates at
150GHz calculated from maps generated at Nside = 1024 for the
large scale resolution and NPside = 128 for the small scale line-of-
sight resolution, which are then smoothed to 1  a d downgraded
to Nside = 64. Units are µKCMB.
number of frequencies and we will be able to refine our model
based on them. Indeed, in future, it should be possible to
learn much about the Galactic magnetic field itself by fitting
the (many) model param ters to actual data. This will shed
light on any aspects of our Galaxy’s physical model that
are still poorly understood.
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• Flauger et al : argued foreground contribution much higher and spectral 
dependence gave much weaker evidence if lensing included.
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• Mortonson and Seljak: Planck 353 GHz pol 
indicates dust is major contribution 
• Compared templates with a large range of new “data driven 
models”. 
!
• Lots of variation between templates. 
!
• Less variation between new “data driven models”.
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FIG. 5: The left panel shows the correlation matrix at ` = 46 for model 5 and four of the templates used in [1]: the Planck Sky
Model (PSM) [32], the Bi-Symmetric Spiral (BSS) and Logarithmic Spiral Arm (LSA) field models presented in [42], and Model
8 of [35] with Q = U . If the true sky looked like one of the models, then a measurement of the cross-correlation using another
model would underestimate the signal by as much as a factor of 10. The correlations further decrease for higher multipoles.
The right panel shows the correlation matrix at ` = 46 for a small subset of five DDM-P2 dust models. The polarization angles
are taken to be (1) the average angle in the patch as inferred from starlight data; (2) the average angle taken from the PSM;
(3) from the PSM at 5 degree resolution; and (4) from the PSM at 1 degree resolution. Model 5 is based on [36] and is a proxy
for data. Even between “data-based” models and data, correlation coe cients below 50% are common, suggesting that low
cross-power between the data-driven models and data do not establish that foregrounds are negligible.
template di↵ers in spatial structure from the actual foreground, then any measurement of the cross-correlation will
underestimate the contribution of the foreground to the power spectrum.
Since the Bicep2 maps are not publicly available, we cannot directly test cross-correlations with these maps.
However, we can test the templates by measuring their cross-correlations. If the cross-correlations between the
templates are significantly below 1 (as shown in Figure 5), then negligible correlations between data and these
templates do not imply that foregrounds are negligible.
As discussed in section III, Ref. [1] used a series of templates that are based on multiplying the intensity of the
dust signal by a polarization fraction and a polarization direction. While the publicly available Planck 353 GHz maps
and dust models provide an accurate map of the dust intensity signal, the polarization directions and the polarization
amplitudes are poorly known. We can estimate the sensitivity of the measured cross-correlations to the polarization
angle by cross-correlating the four publicly available templates used in [1] with themselves and the maps from [36],
which we will refer to as model 5 below. The matrix of correlation coe cients at ` = 46 is shown in the left panel
of Figure 5. The small correlations between the templates and between the templates and model 5 suggest that the
small cross-correlations with the data measured in [1] likely reflect the limitations of the templates and do not provide
a constraint on the dust polarization.
As a test for the revised data-driven models, we have computed the full set of cross-spectra for our suite of ninety-six
models (see section IIIA). For clarity, we focus the discussion on a small representative subset of five DDM-P2 models
selected to illustrate the main conclusions from our analysis. In all five DDM-P2 models shown, the dust polarization
fraction is set from our CIB-corrected map (see section III). We then set polarization angles in one of five ways: model
1 assumes a constant polarization angle set from starlight polarization data (see section IIIA); model 2 assumes a
constant polarization angle set from the Planck sky model; models 3 and 4 use spatially-varying polarization angles
again set from PSM maps, but smoothed to 5  and 1 , respectively, before computation of the polarization angles;
and model 5 is based on the maps discussed in section III C.
The correlation matrix for these models at ` = 46, corrected for noise bias, is shown in the right panel of Fig. 5.
The two models with constant polarization angles (models 1 and 2) correlate well with each other, which is expected
since the polarization angles obtained from starlight data and from the PSM are in good agreement. Similarly, the
models whose polarization angles are based on the smoothed PSM maps (models 3 and 4) also correlate well with
each other, and the correlations between these models and the first two are still significant. However, the correlations
` = 46
• Template polarization maps are (were!) a useful tool for 
forecasting/analysis. 
!
• Polarization emission models are very basic and make many 
assumptions but reproduce the qualitative features in dust and 
synchrotron polarized emission on large scales. 
!
• Templates are only statistical realisations beyond largest 
coherence scales of Galactic magnetic field. 
!
• Planck 2015 - will provide detailed templates for comparison 
with sub-orbital maps + multi-frequency, sub-orbital 
measurements will enable  limits to be pushed to r<0.1. 
!
• Now that polarization measurements exist we can turn problem 
over and learn much about the 3D structure of the Galaxy - 
Planck 2014/2015.
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